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The objeet of this thesis war to determine the 
feasibility of eooling gas turbine blades by introduction 
ef a controlled boundary layer of cool air over the blada 
eurface, 

This inveatigation included a atatie test of 2 
eingle instrumented turbine biade in a variable high 
velocity, high temperature gae stream with variable eool- 
ing air flew. Teo eonfigurations of the test blade were 
need to predvee variation in boundary layer control. 





Saxiaue effort in the development of gas turbines 
is being exerted to improve specifie power output, to reduce 
specific fuel consumption and te increase reliability. The 
most promising field for the attainment of these objectives 
liee in inereaeing the turbine inlet teapsrature which 1a 
presently limited ty permissibie operating temperatures of 
blading materials. <An investigation of the gas turbine 
thermodynagie cycle reveals the magnitude of improveseat 
peseible by inereasing turbine cperating temperatures. Such 
an investigation condveted by the Nacs (Ref. 1) shows thet 
for a given masse flew of werking fluid the speelifiec pewer 
output is proporticnal and the apecifie fuel consumption is 
inversely proportional to the inlet temperature. Fig. 1 
illustrates this relation. 

The inerease of turbine inlet temperature, fowever, 
is limited by high temperature atrength of blade materials. 
The development of high temperature szetais ia proceeding, 
but at 2 siew rate. How slowly séetallurgienl crogress has 
been meade is shown in Fig. 85 of Net. & Allowable blade 
temperatures adyanced from 1180° F, in 1985 te 1200° fF. by 
19490 and to 1566° F. by 1945. The rate of inerease hase teen 
no greater since 1945. 

Non-setallic materials euch as coramics bave yet 


to demonstrate their edaptebllity te the rigorets service 
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regulresents of turbine blading. As a result the use of 
soue method of cooling the gas turbine blading presents it- 
self as the method of allowing higher gas temperatures with 
present materials. 

pose’ and evaluated. <A disecusaien of these methods aa rela- 
ted to this theais follows. 

dmme 004 employed hollow turbine blade cecled internally by 
means of air blown into the reet and exheusted at the tip. 
1680° F. turbine inlet tempsratare wag used with 7% ef ceon- 
presser air output required to cool biades approximately 
400° F, 

The NaSA has preposed (Nef, 1) en tmprevement %c 
thie method by ineaerting a core in the blade, leaving a 
eea2ll annular alr passage. It was fownd that the heat 
transfer from blade to ecoling eir was principally in the 
voundary leyer and adjacent ecoiing air so the ineert per- 
mitted eimilar ecoling with ieee air flow. fig. ® graphe 
the resuite of this isprovement. 

‘mother sooling method censiate of eireulating 
water through internal passages in the blade. This syste« 
ef cooling hae accomplished very large blade temperature 
reductions. German applications (Ref. 2) senduected by cer. 
Sehmidt permitted 850-9200 F, blade temperatures with a ges 
temperature of 2200° F. Fig. 3 shews an SATA analytical 
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while water eooling is wery effective, the proebleas of 
bandling the high temperature, bigh preseure water flow at 
high rates wakes service application of this method diffi- 
eult. 

A wodifieation of the foregoing system, Known as 
rim cooling, hae also been tried. tere water is eiroulated 
through the rotor rim s0 as to extract heat from the blade 
root. ieee temperature reduetion ia ebiained and the dis. 
advantages of the water coolant qpetee atill exist. Fig. 4 
shows rim cooling effectiveness. lt can be seen from the 
figure that having a blade material of high thermal conduce 
tivity, Ay, is essential te thia method, 

All ef the foregoing methods employ the same 
basie principle of eooling. They do net inhibit the heat 
trenamisaion to the blade, but do inerease the internal 
conduetivity, or removal of heat, thereby effeeting cooling. 
The prepesal of thie theeis is to substitute a boundary 
layer of cool air over the biade’s surface in order te in- 
hidit the heat tranemiasion from the het gaees to the blade. 

4&4 @oating ef high temperature eceranie of low con- 
Guetivity would embody this same prineiple. Fig. 5 shoxs 
the effectiveness of ceramic coatings of various thicknerses. 
‘hile thie is a very promising field ingofar ao tampereture 


of operation is coneerned, the inherent defects of brittie- 
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nees, thermal shock sensitivity end low teneile streagth 
have obviated service use of ceramic covered blading. 

If a region of low thermal conductivity can be 
interposed between the gas and the blade, then the objective 
ef blade eooling cowld be accomplished. The natural dcund- 
ary leyer om the blade is such «a region. However, the 
natural boundary layer forms at the temperatures of the gas. 
In this experiment the use of relatively cool air from the 
engine compressor is euggested to form a lower temperature 
boundary layer. 

The justifieation of this idea is based on one of 
the fundamental lawa of heat tranefer, Favrier’s equation 
for conduetion (Ref, 4). (2xperienee has abewn radiation 
effects te be secondary). ‘Itated wathematically for steady 


state eonduetian: 


q° BA & 

where q = rate of heat transfer. 
K ® eoefficient of thermai conductivity. 
A = Gresescticonal area of path. 


Gt = temperature gradient in direction of heat 
Gx flow per unit distance. 


Thiea law shows that fer a given configuration the 
rate of heat tranefer from gas to blade way be made by re-~- 
@eeing K and/or ai. 

x 
& for air ie reduced by reducing texperature. 


This is shown mathematioally from Sucheng equation: 
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where f * abselute temperature 

© * constant (.0129 for air). 

Bay * K at 58° F, 

The temperature gradient from the boundary layer 
oe a ee a eee ae 
trolled boundary iayer. In fact, the eool air boundary 
layer will at firet be lower in temperature then the blade 
eo that the blade will transfer heat to the beundery layer. 
however, the temperature gradient froz the hot gas to the 
boundary layer weuld be inereased ao it would be rapidly 
heated. The optimue configuration might therefore require 
e series cf bleeds from the blade so the average temperature 
ef the layer along the blade would be minimised. 

In the author's experience a eotrolled bouncéary 
layer has been suceesefully employed te eool a ligvid 
recket nogsale. in 1936 the avther cellaborated in the con- 
etruction of a liquid roexet metor in whieh a boundary 
layer of coolant air tled into the nozzle erebled prolonged 
operation. The nozzle waa of mild steel yet endured the 
very high temperature recket exharst gases better than any 


sentemporary nogeles of euperlor materials, 
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Fig. & showe the complete teet equipment laycut 
sohematioally. The test blade was mounted in a closed teat 
section supplied with hot gae from a single J-32 cembusti on 
ehamber. Fig. 6 ie a photegraph of the teat seetion moun- 
ted on the burner. Air was supsiied te the burner from the 
Goupressor of a naturally aspirated Allison ¥V-1710 engine, 
Fig. 7. The quantity of gas flow was regulated by thrott- 
ling the Allison engine while its temperature was eontrolled 
by burner fuel pressure. The temperature of the blade was 
neasured by two thermoeceuples. 4111 control and measurement 
wae done from the contrel panel adjacent to the gas turbine 
test eoll. Fig. 8 ie a photegraph of the ecentrol panel, 
The air whieh formed the centrolled boundary layer wae sup- 
plied from the laberatory air main at reguiated presaure. 
The guantity ef eoeling air was seasured in a standard de- 
aign sharp edged orifice meter, shown in Fig. &. 

The test blade was sanufactured from a solid 
June 004 turbine blade. <Availabllity was the reason for 
selection of this blade. The "tinidur” tywe alloy (3508 
niekel, 140 ehrome, 1.754 titanium, 12% carben, belanee, 
iron) possessed very difficult eachining preperties and low 
thermal conéuetivity. The blade reots were out off flat 


fer convenient mounting and the tip shortened by 2/4 inch 
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because of epace ligitations in the test section. 

Jor the firet teet, configuration « was manufac- 
tured. In this blade tne eooling air eupply hele was 
Grilled up the blade frew root to 1/4 ineh of tip through 
the thickest section. This hele wae .20 inck im dlameter. 
The air bleed holes (1/16 ineh) were drilled froa blade 
surfaces icining the supply hole. They were placed at a 
46 degree ancle with blade surface. There were six bleed 
boles to each surface. fhe exits were ground out with « 
fish tail eountersinkx pattern to dietrivute the bleed air 
spanwise. «4 .15 ineh bele was drilled up the leading edge 
for location of the thermocouple tip at midspean. The trail- 
ing edge was toc thin to permit siailar treatment so a 2/32 
inch hele was drilled chordvise at midapan te enugly hold 
a thermocouple dead. The thermecouplé was lead in in a 
eatainlees steal tube one Ineh dewnetreas and bent 9 de- 
greea and gemented in the trailing edge hole. Figs. 12, 
lz and 14 show the thermecouple mounting. Fig. 10 shows 
the \ blade between a standard blade and a shortened stand- 
ard blade. ‘The bowadary layer ia introdueed at approxli- 
mately the 265 chore peint,. 

Gomfigvuration & blade is ehown in Fig. 11. The 
boundary layer alr supply wae intreduced through a .15 inch 
drilied passage i/4 inch behind the leading edge. A GO de-~ 
gree included angle slot was milled down the length of the 


leading edge and 3/32 ineh bleed holes drilled jeining the 
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supply passege. In this design the ecoling enters the slot 
opposed by etagnation pressure and flows out of the slot on 

The test section consisted of the blade mcunting 
bleek shown in Fig. 13, and two side plates sade of eix 
ineh channel. The bottom wae closed with a 1/2 ineh plate 
so that the hot gases which entered at the top were con- 
strained to exhaust through the open aide. The entrance 
and exit dimension are 1.5 x 4.5 inehes. Fig. 12 pictures 
the complete test section. Fig. 14 shows another view of 
the blade mounting block. The test blede is centrally locse- 
ted with two parallel mounted standard blades te guide the 
flow. 

Temperatures of the teat biade were measured by 
2) gauge ehroxel-alumel thermocouples which read on a Grow 
recorder. The small sise thermocouples previded fast re- 
epoenge and use of standard sillimenite insulationsa in the 
blade. The insvlaters were ground elightly in diameter fer 
sownting in blade, The thermecouple tips were firmiy seated 
in 2/22 ineh holes for maximum sensitivity to blade temper- 
atures. The trailing edge thermecouple bead wae buried com- 
pletely to insure it wenid sense biade, rather than gas 
Lesperatures. 

Cospenrsated lead wires connected the thermocou,its 
to the selector swviteh for the reeorder to eliminate errors 


in readings by variation in aebient temperature. ihe gas 
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The temperature of the test blade was read with 
and without cooling air flew under exactly eimblar flew 
conditions. This technique permitted comparison of the two 
temperatures obtained to stow the blade reduetion due te 
eooling air alone, 

The Allison engine was firet started and ite 
speed set to obtain the desired fiow rate of burner air, 
The flew rate was seasured by meens of the preasure drep 
across the orifice in the compresser inlet duct. 

Next, combustion was initiated in the burner with 
the spark and ecetylene flare and fuel pressere adjusted 
until desired gas teaperaturs obtained. Shen conditions 
stabilised temperatures and pressures were recorded, Our- 
ing rans with eooling air, the flow rate was varied in in- 
ereweents of 1/10 inch of water and temperature recorded 
when stabilized. 

in order to invastigate the cocling affeete over 
a bread range of gas velocities three settings of the 
4llisen engine were used to give low, mediua and high gas 
flew rates. Hewever, the low flow rate la mot included in 
thie repert as it was wnrealisticalily low compared with 
actual turbine operation. The flow rate was beiow miniaum 


idling rate for a J-33 engine. 
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TEST RESULTS 


The results of the experi@ent are centained in 
tables i and Il and the graphs, Pigs. 16 through 19. The 
g@raphe are plotted to show temperature reduction vergus 
weight of cooling air flow. 

These graphs are stailar in shape and shew that 
the reduetian in bliede tesperature was appreximately twice 
as great in the leading edge ae the trailing edge. Tfhrie 
ia to be expected because of the increase in boundary layer 
temperature resulting from heat trane@ission from the gaa. 
aleo, the thinnees of the blade section near the tralliag 
edge effers more resistanee to heat flow internaily. 

The graphs also show that the temnerature reduce 
tion rate is greatest (the slope ia waxisum) at low ecool- 
ing eir rates. Thies is evidence that the boundary layer 
is established at low flow rates and ie effeative in re- 
a@ueing heat tranefer. Beyond a flow rate of .£ 1b, /M@in. 
meat of the graphs become straight line funetiona. This 
apparently resulte from thiekening ef the boundary layer 
end shors the inewlating effeet ie proepertional to the 
thickness. This effeet cenforms with Fourier‘’ea law. The 
cooling effectiveneas, particularly at low flow rates, is 


greater with thie wethed than the method of Fig. &. 
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To illustrate the cecling effectiveness consider 
the J-33 turbojet engine. Maximum cocling of 260 F. at 
1600 F. gae tenperature could be accomplished with only 
28 ef compressor air. 

Configuration A produced more uniform reeulte 
than those ef configuration 5, as can be seen by comparing 
Figa. 16 end 17 with 18 and 19. Uonfiguration A curves 
plotted more parallel and gave results prepertional to gas 
texperature, while configuration 5 curvea intersect and 
are out of order with gae temperature increments. Sonfig- 
uration A probably gave more uniform boundary layer forma- 
tion, since the flows were convergent rather than oppesed. 
it was calenlated that the stagnation point on the leading 
edge would fall in the milled slot so the cooling air 
would apill cover both eurfaces of the blade and form good 
boundary layere. From the non-uniform results at different 
fiew rates etagnation point ehifting say be indicated. 
Aiao, turbulence in the test section @ay have prevented 
uniforg boundary layer formation and prometed mixing. it 
ie believed that had the blede been manufactured with bound- 
ary layer control slots of the type ueed in alrpiane praec- 
ties, muck higher quality results would have been obtained. 
thie type bleed wae considered but disearded beeause cf the 
machining crobleme, whieh would have required maoxining be-~ 
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Vneeatrollable variation in the speed of the 
Allisen engine contributed to inaccuracy of data. A 
“hunting® of about fifty AFR oceurred during much of the 
remning, which produced 500 Ar vwariationa in compresser 
speed. The variation in burner air flow eavsed drifting 
of gas teaperatures. 

Compariaon of Figs. 16 with 17, and 18 with 19, 
shows cooling effectiveness veriation with gas flew rate. 
Cooling effectiveness is greater at the lower flow rate. 
This is conalstent with the laws of heat tranemiseion by 
convection. The heat transfer frem gas to biade increases 
with veloeity. 

From all graphea, the blade temperature reduction 
is shown to inerease with gas temperature. This, also, is 
competible with the laws of heat tranefer, the gt term of 
Fourier's equation ineréases so more heat is transferred 
to the cuter teoundery layer. cut, the heat transfer to 
the blade throwgh the laminar eublayer is of sueh small 
magnitude thet the net effect ia greater viade tenperature 
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in view of the limited scope of the experimental 
tests, no detalled quantitative conclusions can be draw. 
However, the results obtained from the foregoing tests dco 
@upport the following general conelusions: 

1. The introduction of a bowndary layer of rela- 
tively cool air on a turbine blade in a high temperatwre, 
high velocity gas stream inhibits the tranemission of heat 
from the gas to the blade, more than through the natural 
boundary layer, and results in reduction of dlede tenper- 
ature. 

2. The magnitude of the redvetion in blade ten- 
perature is proportional to the weight flow <f air intre- 
@ueed intc the boundary layer up to the limit investigated 
of 2h of the gas flow in an equivalent full seale engine. 

3. This methed of blade cooling ia feagibie in- 
eofar as weight flow of eveling air required to accomplish 


useful blade temperature reduction is concerned. 
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